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ABSTRACT 

A semiautomatic apparatus is described for creep 
and s t r e s s - rup tu r e tes ts of smal l -diameter , thin-wall tubes 
under biaxial load. Twenty-four specimens, arranged in 
four bundles each with six specimens, are accommodated in 
a single test . Each bundle is connected to a common source 
of h igh-pressure gas. Creep or s t r e s s - rup tu re tests can 
be conducted under constant-load (constant-pressure) or 
constant- s t r ess (decreas ing-pressure) conditions at temper­
atures to 1200°C in a vacuum or an inert-gas environment. 

Biaxial creep tes ts were conducted on Types 304 and 
304L stainless steel tubes at temperatures between 550 
and 700°C and applied tangential s t r e sses between 7500 and 
40,000 psi . Test resul ts have yielded a value of 6.7 for 
the s t r e s s dependence of the steady-state creep rate and 
95,000 cal /mole for the activation energy of creep. Both 
values a re in good agreement with the published values for 
18-8 austenitic stainless steel determined in uniaxial creep 
tes t s . Experimental resul ts provide a strain profile of the 
three types of specimen failures normally observed: cata­
strophic rupture, pinhole leak, and f issure. The resul ts also 
yield information on the change in mater ia l density as a func­
tion of diametral strain, s train ra te , and tempera ture . 

I. INTRODUCTION 

The creep of smal l -d iameter , thin-wall tubes under biaxial s t ress 
is relevant to the creep of reactor fuel cladding. Biaxial creep data are 
therefore important to fuel-element design. 

Fuel-elennent cladding s t ressed by internal gas p re s su re or fuel 
swelling can fail in either of two modes: by a pinhole perforation of the 
tube wall, or by violent rupture of the tube wall. The loss of internal 



pressure is gradual m a pinhole-leak failure, but is sudden m ^^P'^y^] 
ure . In either case, the cladding failure differs markedly from the part ng 
failures usually associated with sheet or rod specimens tested " " d e r ^ n ^ " 
axial tension. The difference in the constraints imposed on the « P " "^^" 
in biaxial and uniaxial tests and the difference in the definition of i y ^ ^ ^ 
the two types of tests lead to a variation in the values obtained for failure 
strength, time to failure, uniform strain, and strain at failure for the same 
material tested under similar conditions. Biaxial creep or s t ress - rup t i i r e 
tests are generally used to obtain mechanical-property data on tubing when 
the intended application is in the form of tubing.'"^ If the same tubing is 
used in the unirradiated and in-reactor biaxial creep tes t s , data from the 
former can be used as a base of reference to evaluate the effects of i r rad ia ­
tion on creep propert ies . This approach is advantageous because it el imi­
nates the usual concerns about differences in thermomechanical history, 
grain size, and texture of the material used in the two tes t s . 

The apparatus to be described was designed to provide biaxial creep 
and s t ress- rupture data for small-diameter , thin-wall, fuel-cladding ma­
terials under s t ress and temperature conditions approximating those of the 
actual application. The p ressu re integrity of this equipment is comparable 
to an unfailed fuel element. The p ressu re integrity makes possible the de­
tection of subtle changes in creep behavior and failure mode that may occur 
in an actual fuel element. Twenty-four specimens m four bundles, each 
with six specimens, can be accommodated at one tinne. Because each speci­
men bundle can be pressur ized independently, a single test can yield biaxial 
creep data at a common temperature and four p r e s s u r e s that correspond to 
four tangential s t r e s ses . 

Two units of this apparatus (Biaxial Creep T e s t e r - - M a r k II) have 
been constructed and are currently in operation. One unit is being used at 
ANL-IUinois in biaxial creep, s t r e s s - rup tu re , and fracture studies of un­
irradiated cladding mate r ia l s . The second unit is being used in the Fuels 
and Examination Facility at EBR-II (ANL-Idaho) for post i r radiat ion sur­
veillance testing of driver-fuel cladding as well as other cladding used in 
fueled and unfueled in-reactor experiments. This lat ter unit extends the 
shor t - te rm, tube-burst tes ts , formerly the standard for evaluating post­
irradiation cladding behavior, into the creep regime.^ The reliabili ty of 
the design was proven with an ear l ier model of this apparatus.* 

II. EQUIPMENT DESCRIPTION 

The apparatus consists of a h igh-pressure gas system, a heated 
vacuum furnace chamber, associated.vacuum pumping equipment, and elec­
tronic devices for p ressure , temperature , and vacuum control. Specimen 
pressure and temperature , furnace temperature and vacuum, and the dura­
tion of the test are continuously monitored to failure on recording- and 
digital-indicating instrumentation. Tests can be conducted in either a vacuum 



or an i n e r t - g a s e n v i r o n m e n t in an a u t o m a t i c o r m a n u a l o p e r a t i n g m o d e . 
In the a u t o m a t i c o p e r a t i n g nnode, the e l e c t r o n i c c o n t r o l s for p r e s s u r e , t e m ­
p e r a t u r e , and v a c u u m i n t e r a c t in a p r e s c r i b e d s e q u e n c e fol lowing e a c h s p e c ­
i m e n f a i l u r e . A g e n e r a l view of the a p p a r a t u s i s shown in F i g . 1. 

Fig. 1. Front View of the Biaxial Creep, Stress-rupture, and Short-term Tube-burst 
Apparatus Showing High-pressure, Temperature, and Vacuum Controls. 
1. Explosion-proof cabinet. 2. Adjustable pressure switches. 3. Electric 
timers. 4. Precision high-pressure gage. 5. Multipoint millivolt recorder. 
6. Three-zone furnace. 7. Precision millivolt recorder (AZAR). 8. Ther­
mocouple reference junctions. 9. Twelve-*position pushbutton switch. 
10. Foreline vacuum relay switch. 11. Hold-line vacuum relay switch. 
12. Cold-cathode vacuum gage. 13. Main furnace power switches. 
14. Digital-type proportional temperature controllers. ANL Neg. 
No. 306-271A. 

H i g h - p r e s s u r e Gas S y s t e m 

The h i g h - p r e s s u r e gas s y s t e m is c o m p l e t e l y con ta ined wi thin a 
h e a v y - g a g e , e x p l o s i o n - p r o o f cab ine t to p r o t e c t the o p e r a t o r . The h igh-
p r e s s u r e p ip ing a r r a n g e m e n t i s shown in F i g . 2a . It c o n s i s t s of four s e p ­
a r a t e h i g h - p r e s s u r e s y s t e m s , each with a h i g h - p r e s s u r e gas s t o r a g e v e s s e l , 
a p n e u m a t i c a l l y o p e r a t e d h i g h - p r e s s u r e i so l a t ion va lve ( L R - t y p e ) , a p r e s ­
s u r e t r a n s d u c e r (PT) , a p r e s s u r e swi tch (PS), and s e v e r a l hand v a l v e s . 
The h i g h - p r e s s u r e p ip ing a r r a n g e m e n t p r o v i d e s s e v e r a l s p e c i a l f e a t u r e s 
that can be i m p l e m e n t e d by opening o r c lo s ing hand v a l v e s . With hand 
v a l v e s V 2 P B , V 3 P B , and V4PB c l o s e d , the four h i g h - p r e s s u r e gas s y s t e m s 
can be o p e r a t e d as s e p a r a t e u n i t s , e ach at a d i f fe ren t p r e s s u r e . With the 
s a m e hand v a l v e s open, the ad jacen t h i g h - p r e s s u r e gas s y s t e m s can be o p ­
e r a t e d in p a r a l l e l . H a n d - v a l v e m a n i p u l a t i o n s a l so p r o v i d e for h i g h - p r e s s u r e 
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gas bleed-off f rom any of the four y^^^y^y^^y/J^a MaxiaT c r e e p lilt. 
evacua t ion of all t e s t s p e c i m e n s before tne si-ai^ 

(a) 

GflS PnESS< SET PT 
TIMER ISOLATION VALVE CLOSES 

-(MER STOPS 

HIGH PRESSURE 

i-
iRECISlON 
IIGM PRESS 

GAGE 

(b) 

Fig. 2. High-pressure Section in Biaxial Creep, Stress-rupture, and Short-term 
Tube-burst Apparatus, (a) Compressor and overall high-pressure piping, 
(b) One of four separate high-pressure gas systems in the apparatus. 
Neg. Nos. MSD-S3231 and MSD-53233. 

T h e p r e s s u r e b l e e d - o f f c a p a b i l i t y i s u s e d t o a d j u s t g a s p r e s s u r e 

b e t w e e n t h e s t o r a g e v e s s e l s in t h e i n d i v i d u a l g a s s y s t e m s a n d t o d e p r e s -

s u r i z e s p e c i m e n s f o r d i a m e t e r m e a s u r e m e n t s . E v a c u a t i o n a n d p u r g i n g of 

s p e c i m e n s b e f o r e t h e s t a r t of a t e s t r u n a r e e s p e c i a l l y i m p o r t a n t f o r r e ­

f r a c t o r y m e t a l s . T h e c r e e p p r o p e r t i e s of t h e s e m a t e r i a l s c a n b e c h a n g e d 

a p p r e c i a b l y b y p a r t - p e r - m i l l i o n q u a n t i t i e s of s u c h i n t e r s t i t i a l c o n t a m i n a n t s 

a s o x y g e n , n i t r o g e n , a n d c a r b o n . ' T h e d i a p h r a g m c o m p r e s s o r i s t h e p r i n ­

c i p a l p r o v i s i o n a g a i n s t s p e c i m e n c o n t a m i n a t i o n b y h y d r o c a r b o n s . 

T h e 1 2 - i n . - d i a p r e c i s i o n p r e s s u r e g a g e s h o w n i n F i g s . 1 a n d 2 a 

c a n b e p l a c e d i n a n y of t h e f o u r h i g h - p r e s s u r e s y s t e m s b y t h e o p e r a t i o n of 
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hand valves E P l , EP2, EP3 , and EP4 . This gage serves as a secondary 
p r e s s u r e standard for checking the p r e s su re t ransducers and as an aux­
il iary pressure- indicat ing device in the event of a p ressure - t ransducer 
malfunction. 

The four h igh-pressure systems are serviced by the same a i r -
driven, two-stage diaphragm coinpressor . Each gas-storage vessel is 
pressur ized individually with bottled argon or helium gas at p re s su res to 
30,000 psig. The compressor is bypassed for gas p ressu res up to 2200 psig, 
in which case the vessels a re pressur ized directly from the commercial -
gas bottle. Hand valves Cl and CB are used to isolate the high-pressure 
systems from the compressor and the commercia l -gas bottle. Check valves 
located on either side of the compressor and in the bypass line provide a 
safeguard against accidental overpressur izat ion of the commercial-gas 
container as a result of bleed-back of gas from any of the storage vessels . 

B. Vacuum Furnace 

The connplete vacuuin system is shown schematically in Fig. 3a. 
Both the furnace chamber and the p r imary vacuum piping are constructed 
of 4-in., Schedule-40 pipe to promote rapid pumpdown of the system follow­
ing specimen failure. The furnace chamber is Inconel 600, and the pr imary 
piping is Type 304 stainless steel. The vacuum pumping system is con­
structed of conventional components that include a 6-in. oil-diffusion pump, 
a 25-cfm mechanical roughing punnp, and a 15-cfm mechanical holding pump. 
Backstreaming of diffusion pump oil toward the furnace chamber is mini­
mized by the water-cooled "cold cap" in the diffusion pump and the water-
cooled "chevron" baffle located at the inlet to the diffusion pump. 

" " ^ S W 
* RELAY 

*2 
HOLD-LIME 

PRESS 

> S E T PT. 

HOLO-LINE 

PRESS< SET PT. 

DIFFUSION 
PUMP POWER 

OFF 

DIFFUSION 

ON HOLDING PUMP 

Fig. 3. Vacuum Section in Biaxial Creep, Stress-rupture, and Short-term Tube-burst 
Apparatus, (a) Furnace vacuum chamber, primary vacuum piping, and vac­
uum pumping system, (b) Foreline vacuum controls, (c) Hold-line vacuum 
controls. Neg. No. MSD-53235. 
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• no i T^iimndown of the furnace Following specimen failure, the initial pumpaown ^ ^j 
chamber is accomplished through the vacuum bypass line. P 
pumpdown pressur'e, the furnace chamber ^y^^^ZTetl^lTlZl^n primary pumping line. The - ' l - n t i a l operation of the v - ^^^^^ ^̂  

Fig. 3a is described in detail in Sec. C below. A p ressure ^ 
provided on the pr imary vacuum line as a safeguard against ---''"y^Jon 
pressurization of the furnace chamber. This could occur by ^ - f - " f ; ° " 
of the LR-type isolation valve following specimen failure m which case the 
high-pressure gas in the storage vessel would flood the furnace chan^ber^ 
The relief valve safely dissipates this gas at a furnace-chamber p r e s s u r e 
of 1 5 psig. 

The furnace chamber is heated in a 5-in.-dia by 37-in.-long, th ree -
zone, electric tube furnace. Each zone is powered by a si l icon-controlled 
rectifier with current-limiting provisions. The furnace tempera ture is 
controlled by a digital-type proportioning controller. The 12-in.-long uni­
form temperature zone has a range of 100-1200°C and can be maintained 
within ±2°C. The furnace chamber can be operated at a vacuum of about 
1 X 10"^ mm Hg or at a positive inert-gas p ressure of 15 psig. A cold 
cathode-ion gage is used to measure furnace-chamber vacuum. A stainless 
steel "cross" divides the furnace chamber into four equal quadrants and 
provides isolation between specimen bundles. This precaution is taken to 
minimize intraquadrant influences in the event of violent specimen rupture . 

C. P ressu re , Vacuum, and Temperature Controls 

All the automatic high-pressure controls are located on the vertical 
panel of the equipment shown in Fig. 1. They include the operating controls 
for the diaphragm compressor, four p ressure switches, and a three-posit ion 
disabling switch (auto-neutral-manual) for each LR-type isolation valve. 
The LR-type valve is closed and removed from the automatic closing circuit 
with the disabling switch in the neutral position. This position is used to 
deactivate the valve at the conclusion of a test run. With the disabling switch 
in the manual position, the LR valve is open and removed from the automatic 
closing circuit. The nnanual position is used when filling the storage vessels 
and in the performance of shor t - term, tube-burst t e s t s . Specimen p r e s s u r ­
ization rates up to 20,000 ps ig/sec can be achieved by using the disabling 
switch to open the LR isolation valve with the storage vessel at 30,000 psig. 
A line diagram of the high-pressure piping system, similar to that shown in 
Fig. 2a, is provided on the cabinet surface as an aid to the operator . 

The automatic closing of the LR-type isolation valve is i l lustrated 
in Fig. 2b, which represents one of the four gas systems shown in Fig. 2a. 
With the LR disabling switch in the '-auto ' position, the LR valve is open 
and the specimen is pressur ized from the storage vessel . System p r e s s u r e 
is monitored by the p ressure t ransducer and is indicated on a millivolt 
recorder. This pressure can also be visually indicated on the precision 
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pressure gage. The adjustable electr ical contact on the p re s su re switch is 
set a rb i t ra r i ly close to the pressure- indica tor needle, and the electric tinner 
is started at the initiation of a test run. When specimen failure occurs, the 
p res su re drop in the system closes the electr ical contact of the p ressu re 
switch, which, in turn, simultaneously stops the electric t imer and closes 
the LR isolation valve. A record of the system depressurizat ion is obtained 
on the millivolt recorder , and the test on that system is terminated. 

Two thermocouple vacuum gages are used as automatic vacuum con­
t rols . Each is equipped with an electronic relay and an adjustable set point. 
One gage controls the operation of the four valves in the vacuum system 
shown in Fig. 3a by sensing the foreline p r e s su re . The other vacuum gage 
senses the p r e s su re in the hold line and controls power to the diffusion 
pump. The operation of the vacuum controls is described by referring to 
Figs. 3b and 3c. 

Under normal operating conditions, valves 1 and 2 are open and 
valves 3 and 4 are closed. When the foreline p re s su re exceeds the set-point 
value (-100-200 p, Hg) following a specimen failure, the electronic relay ini­
tiates a valve-sequencing operation. Pneumatic valves 1 and 2 close, and 
the electrically driven valves 3 and 4 open, in that order . This places the 
roughing pump on the furnace chamber through the vacuum bypass line for 
rapid pumpdown. When the furnace chamber p re s su re is decreased below 
the set-point value, the valve sequence is reversed. Thirty seconds after 
the p re s su re is reduced below the set-point value, valves 3 and 4 close and 
valve Z opens, in that order . The closing of valve 4 initiates the closing of 
valve 3, which, on closing, initiates the opening of valve 2. After another 
30-sec delay, valve 1 opens, and the test is continued under high vacuum 
on the remaining tube specimens. The above valve sequence occurs after 
each specimen failure. During the time when valves 1 and 2 are closed 
and 3 and 4 are open, the diffusion pump is blanked off and backed up by the 
holding pump. If the p re s su re in the holding line should increase above the 
set-point value of the second thermocouple gage, the power to the diffusion 

pump is automatically cut off to p r e ­
vent oxidation of the diffusion pump oil. 

TOP 

ZONE 

CONTROL 

CENTER 

ZONE 

CONTROL 

BOTTOM 
ZONE 

CONTROL 

TOP 

ZONE 

BOTTOM 

ZONE 

3-ZONE FURNACE 

PROPORTIONAL 
TEMPERATURE 

CONTROL 

Fig. 4. Differential Thermocouple Arrangement 
for Temperature Control in the Three-
zone Furnace. Neg. No. MSD-53234. 

F u r n a c e t e m p e r a t u r e i s con­
t r o l l e d by t h r e e d i g i t a l - t y p e p r o p o r t i o n ­
ing c o n t r o l l e r s u s ing C h r o m e l - A l u m e l 
t h e r m o c o u p l e s . The con t ro l t h e r m o ­
coup le s a r e w i r e d in a d i f f e ren t i a l m a n ­
n e r , a s shown in F i g . 4. The c o n t r o l l e r 
for the c e n t e r zone of the fu rnace is the 
" m a s t e r , " and the c o n t r o l l e r s for the 
top and b o t t o m zones a r e " s l a v e s . " 
With th i s a r r a n g e m e n t , the p o w e r to the 
top and bo t tom zones fol lows the s e t t i n g 
of the m a s t e r c o n t r o l l e r to m a i n t a i n a 
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predetermined temperature differential ^ ^ ^ 7 ^ ^ ; ; ; ; ; , . , 3 ; : ; ; e r 3 " c l ^ r o l 
differential can be made as small as desired. ^Furna.,e P 
is within ±4''C below 400°C and ±2°C above 400°C. 

The pressure , temperature, and vacuum controls ^-'-^^'^''^yy^^^ 
electric relays located at the right-hand end of the explosion-proof cabinet. 

III. DATA READOUT INSTRUMENTATION 

Test parameters that are either monitored or recorded include the 
outside furnace temperatures, specimen temperatures, furnace vacuum, gas 
p ressure in each high-pressure system, and the duration of the test.. Both 
the furnace and specimen temperatures are monitored at the top, middle, 
and bottom of the center zone. Conventional Chromel-Alumel thermocouples 
are used to measure all temperatures. Specimen p ressu res are monitored 
by elastic cavity pressure transducers, and the duration of each test is indi­
cated by a digital electric t imer. All sensors (pressure, t empera ture , and 
vacuum) have an electromotive force (emf) output between 0 and 50 mV over 
their useful range, therefore, the output from all sensors can be indicated 
on a single recorder . 

Two recorders are provided for monitoring and/or recording the 
emf output from each sensor. One is a conventional 12-point instrument 
with a fixed 0-50-mV range (0.5 mV per chart division), and the other is a 
precision adjustable-zero, adjustable-range (AZAR) instrument with a 
0-100- or 0-1-mV range (0.01 mV per chart division). Both instruments 
are uncompensated. 

The multipoint recorder is used primari ly to monitor the status of 
a long-term test by observing the periodic variations of the sensor enaf's 
as a function of time. Since the instrument is uncompensated, the tempera­
ture readings are referred to the ambient temperature and are therefore 
influenced by the normal variations in the ambient tempera ture . The mil l i ­
volt equivalent of the smallest chart division corresponds to a tempera ture 
variation of 12.5°C, a pressure variation of 250 psig, and a vacuum var ia­
tion of about 1 X 10"^ mm Hg. Therefore, only gross variat ions in the test 
parameters are easily observed on the multipoint recorder . 

The AZAR recorder is used to obtain precision readings for any of 
the sensor outputs. A selected sensor output can be continuously recorded 
to determine the magnitude of its variation with t ime. The calibrated span 
can be arbitrari ly set at any value from 0-100 to 0-1 mV. The incoming 
signal can also be suppressed (subtracted from) or elevated (added to) by 
50 mV. Therefore, in recording temperature from a thermocouple output, 
it is possible to suppress up to 50 mV and read the remaining tenths of 
millivolts on a 1-mV calibrated scale. Under these conditions, the smal les t 
chart division corresponds to a temperature variation of l /4°C. 
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E a c h of the s e n s o r ou tpu t s tha t a r e con t i nuous ly d i s p l a y e d on the 
m u l t i p o i n t r e c o r d e r i s e a s i l y t r a n s f e r r e d to the AZAR r e c o r d e r by p r e s s ­
ing the a p p r o p r i a t e l y n u m b e r e d pushbu t ton l o c a t e d j u s t be low the AZAR. 
The emf ou tpu t s of the t h r e e s p e c i m e n t h e r n n o c o u p l e s a r e connec t ed to the 
AZAR r e c o r d e r t h r o u g h a m i l l i v o l t r e f e r e n c e junc t ion . The r e f e r e n c e j unc ­
t ion g ives an output tha t i s the m i l l i v o l t equ iva len t of 0°C for a C h r o m e l -
A l u m e l t h e r m o c o u p l e . 

IV. S P E C I M E N DESIGN AND P R E P A R A T I O N 

The s t a n d a r d s p e c i m e n d e s i g n for u n i r r a d i a t e d m a t e r i a l s i s shown 
in F i g . 5. The 4 - i n . l eng th i s at l e a s t 10 t i m e s the d i a m e t e r to m i n i m i z e 

the inf luence of the welded 
L > 4 K 01 A H 

GAS ANNULUS-

VOLUME DISPLACING INSERT 

TOP PLUG AND 
HIGH PRESS 
GAS INLET 

BOTTOM 
PLUG 

DIAMETER MEASUREMENTS 
AT EACH LOCATION ALONG 
SPECIMEN LENGTH 

MEAN WALL THICKNESS 

> 
MEAN OUTSIDE DIAMETER 

DISTANCE ALONG SPECIMEN. 

Fig. 5. Tubular Specimen Design Showing Typical Variations 
in Outside Diameter and Wall Thickness of Thin-wall 
Tubing Considered as Potential Fuel Cladding. Neg. 
No. MSD-53232. 

c r e e p e x p e r i m e n t s . The m a 
f e r i a l i s t h e r e f o r e given a t h o r o u g h n o n d e s t r u c t i v e t e s t i n spec t i on by eddy-
c u r r e n t t e c h n i q u e s to e n s u r e m a t e r i a l qua l i ty . 

ends on the b iax ia l c r e e p 
b e h a v i o r . A p p r o x i m a t e l y 9 0 -
95% of the s p e c i m e n vo lume 
i s d i s p l a c e d wi th a sol id rod 
of the s a m e m a t e r i a l a s that 
of the s p e c i m e n . T h i s r e ­
d u c e s the vo lume of h igh-
p r e s s u r e gas within the s p e c i ­
m e n at f a i lu re and m i n i m i z e s 
s p e c i m e n t e a r i n g a f te r f a i l u r e . 
The top and bo t tom end p lugs 
a r e t u n g s t e n - i n e r t - g a s (TIG) 
we lded . 

U n i r r a d i a t e d t e s t s p e c i ­
m e n s a r e u s u a l l y m a d e f r o m 
connmerc i a l tubing in tended 
for c ladding app l i ca t ions in 
fuel a l loy i r r a d i a t i o n s or for 
i n - r e a c t o r unfueled b iax ia l 

The in i t i a l i n s i d e and ou t s ide d i a m e t r a l i n s p e c t i o n of the 4 - in . s p e c i ­
m e n l e n g t h s i s m a d e to ±0.00005 in. with p r e c i s i o n a i r g a g e s . T h e s e v a l u e s 
are r e c o r d e d for e a c h l / 2 - i n . i n t e r v a l a long the s p e c i m e n length . T u b e -
wal l t h i c k n e s s is c a l c u l a t e d f r o m t h e s e v a l u e s . The d i a m e t r a l s t r a i n at 
each l / 2 - i n . i n t e r v a l i s c a l c u l a t e d u s i n g the o r i g i n a l o u t s i d e - d i a m e t e r v a l ­
u e s . T y p i c a l v a r i a t i o n s in the ou t s ide d i a m e t e r a r e < ± 0 . 1 % . W a l l - t h i c k n e s s 
v a r i a t i o n s a r e about +0.2%, a s shown in F i g . 5. D i a m e t r a l ova l i ty a long the 
s p e c i m e n l eng th is a l s o < 0 . 1 % . A c o m p l e t e d s t a n d a r d s p e c i m e n is shown 
in Fig. 6. 
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Fig. 6 
Standard-length Tube Specimen Used to Determine 
Creep-strain-profile Behavior of Potential Nuclear 
Fuel-cladding Materials at Elevated Temperatures. 
Neg. No. MSD-53327. 

V. BIAXIAL C R E E P - T E S T P R O C E D U R E 

F i g u r e 7 shows one of four spec imen bundles u s e d in a s i n g l e c r e e p 
t e s t . E a c h s p e c i m e n bundle is individual ly connected to a h i g h - p r e s s u r e gas 
s o u r c e th rough bulkhead fit t ings located at the r igh t end of the h i g h - p r e s s u r e 
cab ine t . With hand va lves SSV, E P l , E P 2 , E P 3 , and E P 4 open, the four s p e c i ­
m e n bundles a r e evacuated with a smal l m e c h a n i c a l p u m p p r o v i d e d for t h i s 
p u r p o s e . The s p e c i m e n s a r e backfi l led with the s o u r c e 
gas to a p r e s s u r e of about 20-50 ps ig after the four hand 
va lves a r e c losed . Specimen p r e s s u r i z a t i o n is a c c o m ­
p l i shed by p lac ing the d i sab l ing swi tches for the four 
LR- type va lves in the manua l posi t ion, opening v a l v e s VI 
th rough V4, and c r ack ing va lves SI th rough S4. E a c h 
spec imen bundle is brought to a different t e s t p r e s s u r e 
that i s s e l ec t ed to yield the d e s i r e d c o r r e s p o n d i n g t a n ­
gent ia l s t r e s s . The s p e c i m e n s a r e brought to t e s t t e m ­
p e r a t u r e in about 3-4 h r and equ i l ib ra ted for 30-60 m i n . 
The c r e e p t e s t is in i t ia ted by p lac ing the d i s a b l i n g 
swi tches for the LR va lves in the "au to" pos i t ion and 
s t a r t i n g the digi ta l c o u n t e r s . The ad jus tab le e l e c t r i ­
cal contact on each p r e s s u r e swi tch is p l aced n e a r the 
p r e s s u r e - i n d i c a t o r need le to de tec t a g r o s s l o s s in 
spec imen p r e s s u r e following r u p t u r e f a i l u r e . H e l i u m 
gas is p r e f e r r e d as the p r e s s u r i z i n g m e d i u m b e c a u s e 
it a l so s e r v e s as a bui l t - in l e a k - d e t e c t i o n capab i l i t y . 
The s m a l l a tomic d i a m e t e r of he l i um p e r m i t s the d e ­
tec t ion of v e r y s m a l l p i n h o l e - l e a k f a i l u r e s . 

The biaxia l c r e e p t e s t is i n t e r r u p t e d at s e l e c t e d 
i n t e r v a l s with a 2 4 - h r t i m e r for d i a m e t r a l m e a s u r e ­
m e n t s . T h e s e i n t e r r u p t i o n s a r e schedu led to a l low 
about 3-4 h r for cooling before the s t a r t of the w o r k ­
day. D i a m e t r a l m e a s u r e m e n t s a r e m a d e to the n e a r ­
es t ±0.0001 in. with a c o m p a r a t o r m i c r o m e t e r at r o o m 

Arrangement of Tube Specimens in a Six-specimen 
Bundle for Creep Testing at Elevated Temperatures 
under Biaxial Load. Neg. No. MSD-52321. 

^U 

il 

i 
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temperature after specimen depressur izat ion. Four measurements are 
made at each l /2 - in . interval along the specimen length (see Fig. 5), and 
the average value is used to determine the diametral strain AD/DQ. These 
d iamet ra l - s t ra in values are plotted as a function of tirne, and the resultant 
curve is used as a guide to determine an appropriate time interval between 
successive interruptions. Strain measurements are made at more frequent 
intervals during the p r imary and te r t ia ry stages of biaxial creep and less 
frequently during the secondary or s teady-state stage. 

On resumption of the test, specimens are pressur ized to about 
50-60% of the test p r e s s u r e during heating. This procedure retains the 
micros t ruc ture corresponding to the accrued strain history before shut­
down The amount of diametral strain that occurs at this p ressu re during 
the 3-4-hr heating period is small connpared with that during hundreds of 
hours at full test p r e s s u r e . However, during heating,, this reduced internal 
p ressu re is sufficient to prevent s t r e s s relieving of the mater ial . Conway 
and Flagella have observed that biaxial creep tes ts , periodically interrupted 
for strain measurements , exhibit decreased creep resis tance when compared 
with uninterrupted t e s t s . However, they did not partially p ressur ize the 
specimens during heating that followed a test interruption, and therefore 
s t ress relieving could have occurred, which would account for their obser­
vation. It has been our observation that, for periods up to 500 hr, a speci­
men interrupted every 100 hr will show no greater difference in diametral 
strain than the differences usually found between identical specimens tested 
under the same conditions of temperature and s t r e s s . In the latter case, the 
d iametra l -s t ra in differences are considerably less than 10%. 

Biaxial creep tes ts can be conducted under constant-load (constant-
pressure ) or cons tant -s t ress (decreas ing-pressure) conditions. Under 
constant-pressure conditions, the specimens are connected to the gas source 
during the test . Since the volume of the storage vessel is large compared 
with the total specimen volume, the specimens in each bundle can strain to 
failure without altering their internal p r e s su re . Under this mode of opera­
tion, the tangential s t ress increases with diametral strain because of an 
accompanying decrease in wall thickness. The relationship between the tan­
gential s t r ess (Of) and the diametral strain (AD/DQ) is il lustrated in the ap­
pendix. The same would be true in a uniaxial creep test conducted under 
constant load. 

Under decreasing p r e s s u r e conditions, the specimens are isolated 
from the gas source after pressur iza t ion at temperature . With this mode 
of operation, the specimen p re s su re will decrease as the specimen volume 
increases . The rate of p r e s su re decrease will depend upon the change in 
the ratio of the increase in specimen volume to the initial volume. This 
relationship is given in the appendix as the tangential s t ress versus diame­
tral strain for various percentages of specinnen-volume displacement. Thus, 
the value of a^ decreases only slightly at diametral strains up to 25% with 
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z e r o s p e c i m e n - v o l u m e d i s p l a c e m e n t . O n t h e o t h e r h a n d , t h e d r o p in o^ i s 

v e r y l a r g e e v e n a t l o w v a l u e s of d i a m e t r a l s t r a i n w i t h 9 0 % s p e c i m e n - v o l u m e 

d i s p l a c e m e n t . W i t h z e r o s p e c i m e n - v o l u m e d i s p l a c e m e n t , t h e s l i g h t d r o p m 

s p e c i m e n p r e s s u r e d u e t o d i a m e t r a l s t r a i n i s a c c o m p a n i e d b y a d e c r e a s e i n 

w a l l t h i c k n e s s to m a i n t a i n Oj a l m o s t c o n s t a n t . 

V I . T E S T R E S U L T S A N D D I S C U S S I O N 

T h e t h r e e t y p e s of s p e c i m e n f a i l u r e s o b s e r v e d i n b i a x i a l c r e e p t e s t s 

u n d e r g a s - p r e s s u r e l o a d i n g a r e s h o w n in F i g . 8 . T h e y a r e , f r o m t o p t o 

I [ M I i 11111 M 11111 i 1111 I I 11 I I 11 I i M I I 111111 I 111 111 i l l ^ ^ i I I i I ! 1111 

1 2 3 4 5' 
', ? ? \^ ^^ 1̂° f̂** ^1" f ? \^ \^ ^.° ,̂* ^* 4 e IB 18 so a-* ae < e la le ao 34 aB I « 

ililililililHililililihliliiihiihitfiiiliiiliiiliiiliiiliiilihliiiliiiliiiliiiliiiliiiliiiliiiliiifiiJiiiliiiin^ 

(a) 

ll 

IX 

1BE 

(b) IX 

(c) 1.4X 

fig. 8. Failure Profiles of Austenitic Tube Specimens Biaxially Creep Tested at 650-C. (a) Transgranular 
P astic rnstabrlity failure e „ . 1.4 x lO'^ hr"! (Type 304L stainless steel,, (b) In erg"anuTa? 
prnto e-leak far ure e^^ = 4.2 x 10-4 ^ - 1 ^^^^^ , , , , ^^^.^^^^^ ^^^^^^ ^ ,̂ Intergranular'l^ure 

f̂ m 7-5x10 hr (Type 304 stainless steel). Neg. Nos. MSD-53334, MSD-523q7 
and MSD-43975. J^J»/, 
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5AD90 (304L S.S) 
'^=17,400 PSI 
I, -IT.Z nr i 
«„"l.4icl0"'hi;' 

bottom, catastrophic rupture, pinhole leak, and f issure . Fai lure by cata­
strophic rupture resul ts in a gross and sudden loss in specimen p re s su re . 
It is detected by the closing of the electr ical contact on the p r e s su re switch. 
In contrast , the small pinhole leak usually resul ts in a degradation of the 

furnace vacuum and is detected by an 
increase in the foreline p re s su re . 
The fissure failure may be detected 
either by a loss in specimen pressure 
or a r i se in foreline p re s su re , de­
pending on its size and the resultant 
gas-leak rate from the specimen. 
Each specimen failure shown in Fig. 8 
has a character is t ic strain profile, 
as i l lustrated in Fig. 9. The strain 
profile for specimens that fail by 
catastrophic rupture are usually 
characterized by an overall high level 
of diannetral strain and a localized 
area of high diametral strain at the 
rupture. Pinhole failures have a 
lower overall level of diametral strain 
and a localized area of diametral 
strain much lower than that for the 
rupture. F i s su re failures have the 
lowest overall level of diametral 
strain and usually no areas of lo­
calized strain. 

C I S 
o 
a 

IAD90(304LS.S.) 

- o; = 13,053 PSI 
t , - ZI8 hrt . 

- i m » 4 2xlO"'hr"' 

_ 
- ^"iit- ^ 

ASTM G.S. 6.7 

"PINHOLE" 

^ ^ ^ . ^ ^ ^ ^ I75hf ^ \ 

____*- MOhr ^ ^ 
n —"— "^ 

/ ^ o -
1 . 1 , 1 , 

304SS{T-4) 

- o«« 14,722 PSI 
tr ' 436 hrs. 

~ <n," 7 .5 i to\r'' 

"FISSURE:" 

i 

ASTM G S. 6 . 7 

-304hr 

y-2l5hr 

Fig. 

POSITION ALONG SPECIMEN LENGTH, (InJ 

Strain-profile Curves for Three Tube Fail­
ures Shown in Fig. 8 Taken at Different 
Time Intervals. Neg. No. MSD-S4381. 

' The fact tha t the d i a m e t r a l 
s t r a i n p r o f i l e in b i ax ia l c r e e p t e s t i n g 
v a r i e s a long the s p e c i m e n length can 
be ef fect ively u s e d in the s tudy of the 
m e c h a n i s m s of c ladding f a i l u r e . S ince 
wal l th inning i n c r e a s e s d i r e c t l y with 

d i a m e t r a l s t r a i n , the m a t e r i a l d e n s i t y should a l s o d e c r e a s e d i r e c t l y with 
d i a m e t r a l s t r a i n . If a fai led tube s p e c i m e n is s ec t ioned along i t s length , 
one would expec t to find a l a r g e r d e n s i t y d e c r e a s e (-Ap/p^) a t l o c a t i o n s of 
h igh d i a m e t r a l s t r a i n and a s m a l l d e n s i t y d e c r e a s e at l o c a t i o n s of low d i ­
a m e t r a l s t r a i n . F u r t h e r m o r e , the change in m a t e r i a l d e n s i t y at a given d i a m ­
e t r a l s t r a i n m i g h t be e x p e c t e d to v a r y wi th the r a t e of p l a s t i c de fo rmat io t i . 
b e c a u s e of d i f f e r e n c e s in f a i l u r e m e c h a n i s m s at high and low s t r a i n r a t e s 
The v a r i a t i o n in m a t e r i a l d e n s i t y as a function of d i a m e t r a l s t r a i n at high 

1 1 . 1 2 

(^r 0.4-1.4 x 10"^ h r" ' ) and low (e„i = 1.8-4.2 x 10'* hr" ' ) strain rates 
is i l lustrated in Fig. 10 for Type 304L stainless steel tested at 650°C. In 
a systematic study of cladding failure, the six specimens in each bundle 
would be duplicates. Because the biaxial creep test for each bundle is auto­
matically terminated at the first specimen failure, the remaining unfailed 
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s p e c i m e n s would p rov ide a r a n g e of d i a m e t r a l s t r a i n s up to fa l u r e ^ ^^ 
t h e r m o r e , a s ingle t e s t could p r o v i d e such f a i l u r e s a m p l e s a t i y ^ l 
r a t e s , s ince each s p e c i m e n bundle could be t e s t e d at a d i f fe ren t i n t e r n 
p r e s s u r e . 

^ - 0.6 

" " 1 I ^ 
A I S I TYPE 304L S S. TUBE (WELDED) 
WALL THICKNESS: 0.01971 t S O i l O ' ^ l n . 
SOLUTION ANNEALED 
p . 7 9 0 0 4 g/cc 

ASTM GRAIN SIZE NUMBER 

BASE METAL 6,6 

WELD METAL 9.0 

DIAMETRAL STRAIN (AD /Dg ) , % 

Fig. 10. Variation in Density of Type 304L Stainless Steel Tubes, 
as a Functionof Diametral Strain, Tested at 650°C at 
High and Low Strain Rates. Neg. No. MSD-53377. 

The s e m i a u t o m a t i c b iax ia l c r e e p a p p a r a t u s h a s been u s e d to conduc t 
t e s t s on th in -wal l au s t en i t i c s t a i n l e s s s t ee l tube s p e c i m e n s in the t e m p e r a ­
t u r e r ange 550-700°C and at appl ied s t r e s s e s be tween 7500 and 40 ,000 p s i . 
R e s u l t s of chem ica l a n a l y s e s of the Types 304 and 304L s t a i n l e s s s t e e l u s e d 
in t he se t e s t s a r e given in Tab le I. The appl ied t a n g e n t i a l s t r e s s w a s c a l c u ­
la ted us ing the Leme ' fo rmula for an i n t e r n a l l y p r e s s u r i z e d t h i n - w a l l t u b e . 

TABLE I. ComposHions and Room-temperature Mectianica! Properties of Tt i in-wai! 

Austenitic Stainless Steel Tubes Used in Biaxial Creep Experiments^ 

Room-temperature Properties 

Material 

Type mi. 
Stainless 
Steel' 
(annealedl 

C 

0.30 

0.30 

Mn 

1.37 

1.30 

P 

Contents, % 

S Si Ni Cr 

Vendor's Analysis 

0.01 O.OO; 0.62 9.26 18.29 

Confirming An3lysis--Commercial 

0.012 0.013 0.61 8.16 18.47 

Vendor's Analysis 

Ti 

0.02 

Cu 

0,074 

Mo 

O02 

UTS. 

ksi 

81 

YS, 

ksi 

36.5 

Elong,. 

% 

S8 

55 

Hardness. 

Rb 

60 
64 

Type 304 
Stainless 
Steel": 
(annealed) 

0.06 1.66 O029 0.019 0.43 9.71 18,51 90 38 61 60 

62 64 

Interst i t ia ls . ppm 

0.061 

Confirming Analysis--ANL 

9.16 18.44 

N H 

291 788 4.5 

4AII tubes 0.290-in, OD by 0.250-in. ID by 0.20-in. nominal wall thickness; completely inspected by ultrasonic and eddy-
current techniques. 

'Heat 840505; welded tube. 
CHeat 71059; seamless tube. 



The Von M i s e s y ie ld c r i t e r i o n is a s s u m e d to apply d u r i n g p l a s t i c d e f o r m a ­
t ion . The ef fec t ive s t r e s s (Og) tha t c a u s e s the p l a s t i c d e f o r m a t i o n is c a l c u ­
l a t e d by 
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Og = 0 .866a j (1 ) 

w h e r e Og i s the ef fec t ive s t r e s s , and a^ is the appl ied t angen t i a l s t r e s s . It 
i s further a s s u m e d tha t p l a s t i c flow d u r i n g s t e a d y - s t a t e c r e e p obeys the 
power law 

Ba^ (2) 

w h e r e e^n i® the m i n i m u m or s t e a d y - s t a t e d i a m e t r a l c r e e p r a t e , and B and 
n a r e c o n s t a n t s . 
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Fig. 11. Minimum Creep Rate vs Effective 
Stress for Solution-treated Type 304L 
Stainless Steel Biaxially Creep Tested 
at 650°C. Neg. No. MSD-53007. 

y i e ld s a s t r e s s d e p e n d e n c e of 6.8 
E q . 2 i s c l o s e to tha t d e t e r m i n e d f 
95,000 c a l / m o l e for the ac t i va t ion 

Biax ia l c r e e p da ta for Type 304L 
s t a i n l e s s s t e e l t ubes t e s t e d a t 650°C and 
at s t r e s s e s be tween 7500 and 20,000 p s i 
a r e p lo t t ed in F i g . 11 a s the m i n i m u m 
c r e e p r a t e ( E J ^ ) v e r s u s effect ive s t r e s s 
(Og). A l e a s t - s q u a r e s a n a l y s i s of t h e s e 
da t a y i e l d s the following v a l u e s for the 
c o n s t a n t s in Eq . 2: B = 9.16 x 10"^° 
and n = 6 .7 . The s t r e s s dependence of 
the m i n i m u m c r e e p r a t e (n) for Types 304 
and 304L a u s t e n i t i c s t a i n l e s s s t ee l in th i s 
t e m p e r a t u r e and s t r e s s r a n g e is g e n e r a l l y 
t a k e n a s 6 to 7. Addi t ional b iax ia l c r e e p 
da t a for Types 304 and 304L s t a i n l e s s 
s t ee l t ubes t e s t e d in the t e m p e r a t u r e 
r a n g e 550-700°C and at s t r e s s e s be tween 
7500 and 40,000 p s i a r e p lo t ted in F i g . 12. 
The t e m p e r a t u r e - c o m p e n s a t e d Z e n e r -
HoUomon p a r a m e t e r i s u sed b e c a u s e 
m a n y of the t e s t s conducted at the d i f fe r ­
ent t e m p e r a t u r e s w e r e a l so conducted at 
d i f fe ren t appl ied s t r e s s e s . In p lo t t ing 
F i g . 12, an ac t iva t ion e n e r g y of 95,000 c a l / 
m o l e was a s s u m e d , s ince th i s va lue is 
g e n e r a l l y a ccep t ed a s an a v e r a g e va lue 
for a u s t e n i t i c s t a i n l e s s s t e e l . A l e a s t -
s q u a r e s a n a l y s i s of the da t a in F i g . 12 
Since th i s va lue of the cons t an t n in 

r o m F i g . 11 , the a s s u m e d va lue of 
e n e r g y is con f i rmed . 
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VII. SUMMARY 

The b iax ia l c r e e p a p p a r a t u s p r o ­
v ides a me thod of conduc t ing l o n g - t e r m 
c r e e p t e s t s on tube s p e c i m e n s a t t e m p e r a ­
t u r e s and s t r e s s e s c l o s e l y a p p r o x i m a t i n g 
i n - r e a c t o r a p p l i c a t i o n s . S ince the p r e s ­
s u r e i n t e g r i t y of t h i s a p p a r a t u s i s equa l 
to that of an ac tua l fuel e l e m e n t , t he l o n g -
t e r m s p e c i m e n r e s p o n s e to such f a c t o r s 
a s t e m p e r a t u r e , s t r e s s , and m e c h a n i c a l 
de fec t s wil l be s i m i l a r to that of the fuel 
c l a d d i n g u n d e r c o m p a r a b l e s e r v i c e c o n d i ­

t i o n s . T h e a d v a n t a g e s of b i a x i a l c r e e p 

t e s t s a r e a s f o l l o w s : 

1. B i a x i a l c r e e p d a t a a r e d i r e c t l y 

a p p l i c a b l e t o f u e l - e l e m e n t d e s i g n , w h e r e a s 

u n i a x i a l d a t a u s u a l l y a r e n o t . 

Fig. 12 2 . A p p a r a t u s c a n a c c o m m o d a t e 
Zener-HoUomon Temperature-compensated ' ^ ^ ^ s p e c i m e n s w i t h t h e s a m e g e o m e t r y 
Parameter vs Effective Stress of Solution- a n d d i m e n s i o n a l s p e c i f i c a t i o n s a s t h e 
annealed Types 304 and 304L Stainless Steel c l a d d i n g u s e d in f u e l e d a n d u n f u e l e d i n -
Pressurized Tubes. Neg. No. MSD-53008. r e a c t o r e x p e r i m e n t s . 

3. C r e e p t e s t s can be conducted u n d e r c o n s t a n t - l o a d ( c o n s t a n t -
p r e s s u r e ) or c o n s t a n t - s t r e s s ( d e c r e a s i n g - p r e s s u r e ) c o n d i t i o n s . 

4. C r e e p t e s t s can be conducted in a v a c u u m (1 x 10"^ m m Hg) o r 
an i n e r t - g a s env i ronmen t ( p r e s s u r e = 15 p s i g ) . 

5. Up to 24 s p e c i m e n s can be a c c o m m o d a t e d in a s i n g l e c r e e p t e s t , 
which g rea t l y r e d u c e s the t e s t t i m e p e r s p e c i m e n . 

6. A s ingle t e s t can yield c r e e p da ta a t a c o m m o n t e m p e r a t u r e and 
four s t r e s s e s for as many as s ix m a t e r i a l s . 

7. The t e s t i s a u t o m a t i c a l l y t e r m i n a t e d for fa i led s p e c i m e n s , but 
continued for the r e m a i n i n g s p e c i m e n s . 

de tec ted 
8. P inho le f a i l u r e s l e s s than 0.0001 in. in d i a m e t e r a r e e a s i l y 

9. Tube s p e c i m e n s a r e p r o d u c e d that a r e idea l for f u e l - c l a d d 
f r a c t u r e s t ud i e s . mg 

10. A p p a r a t u s can be u s e d to p r o o f - t e s t f a b r i c a t e d tub ing . 
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APPENDIX 

Fract ional Tangential S t r e s s as a Function of D iametra l 
Strain for Constant- and D e c r e a s i n g - l o a d Conditions 

F i g u r e s 13 and 14 i l lus trate the change in the applied tangential 
s t r e s s as a function of d iametra l s train for tube s p e c i m e n s tes ted under 
constant- and d e c r e a s i n g - l o a d condit ions , r e spec t ive ly . Constant volume 
and uniform p las t i c deformation of the mater ia l are a s s u m e d to be valid to 
25% diametra l s train . The lat ter assumpt ion is not always true for thin-
wall tubes , inasmuch as nonuniform wall thinning has been observed at 
moderate d iametra l s t r a i n s . 

O", I N I T I A L TANGENTIAL STRESS 

(T, = INSTANTANEOUS TANGENTIAL STRESS 

(SYSTEM VOL] > > { SPEC. VOL) . 
0 . 7 A \ ^\ 

- \ \ ~̂'~~~--

\ ^^~"~----

% ^~~~~--~-~ 
a, = I N I T I A L TANGENTIAL STRESS 

" a , = INSTANTANEOUS TANGENTIAL 

(SYSTEM VOL) = {SPEC-VOL) 

I l l l 

SPEC. VOL, 
DISPLACED 

(%) 

2 0 

" • — — 4 0 

~- 60 

— eo 

"~~~~"—90 

STRESS 

1 

D I A M E T R A L S T R A I N , 
D I A M E T R A L S T R A I N , 

Fig. 13. Increase in Applied Tangential Stress with 
Diametral Strain forTube Specimens Tested 
under Constant Load (internal pressure). 
Neg. No. MSD-53558. 

Fig. 14. Decrease in Applied Tangential Stress 
with Diametral Strain for Internally Pres­
surized and Sealed Tube Specimens. Neg. 
No. MSD-53480. 

Under constant- load condit ions, the s y s t e m volume is large c o m ­
pared with the s p e c i m e n vo lume. Therefore , the internal spec imen p r e s s u r e 
r e m a i n s constant up to s p e c i m e n fai lure . This is true whether spec imen 
volume i s or i s not part ia l ly d isplaced with a solid rod inser t . The i n c r e a s e 
in tangential s t r e s s with an i n c r e a s e in d iametral s train i s the resul t of 
s p e c i m e n - w a l l thinning. 
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Under decreasing-load conditions, the system volume is identical to 
the specimen volume. The decrease in tangential s t r e s s is the product of 
the increase in specimen volume and the accompanying decrease in wall 
thickness due to plastic strain. The drop in tangential s t r e s s per unit of 
diametral strain is greatest in those specimens that have the smallest ini­
tial volume (largest volume displacement with a solid inser t) . 
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